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REMARKS 

Claims 64-94 are currently pending in the application. Claims 65, 67-69, 71-74, 76 and 
86 are amended. The amendments are supported in the specification as specifically discussed 
below. Claims 88-94 are added. The added claims 88-94 are supported throughout the 
specification, e.g., on pages 27-29 (Tables 2A and 2B), and claim 88 is also supported in 
previous claim 74 before its amendment. No new matter is added. 

Amendments to the Specification 

Table 2B on page 28 is amended to correct clerical errors regarding the position of 
specific mutations for the Vent and Deep Vent DNA polymerases. The amended positions are 
supported in Table 2B as originally filed. No new matter is added. Applicants respectfully 
request the entry of the amendments. 

In a telephone interview of June 21, 2004, Applicants and the Examiner has agreed to 
incorporate the sequences for JDF-3 DNA polymerase into the present specification, although 
Applicants believe the specification as originally filed (i.e., without the incorporation) already 
satisfies the enablement requirement. 

Such incorporation is supported under MPEP 608.0 l(p). Applicants respectfully request 
the entry of the incorporation. 

Claim Objection 

Claim 72 is objected to because of the recitation of "mutant KDO DNA polymerase." 
Applicants have corrected the clerical error to recite "mutant KOD DNA polymerase." 
Applicants respectfully request the withdrawn of the claim objection on claim 72. 

Claim Rejections under 35 U.S.C. §112, Second Paragraph 

Claims 69-74 are rejected under 35 U.S.C. §112, second paragraph. The Office Action 
states that claims 69-74 are indefinite because it is not clear the extent to which the genus if 
further limited. The Office Action states: 
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"The problem is that claim 69 makes no limitation that the claimed mutant 
polymerase must be a mutant Pfu DNA polymerase thus in effect claim 69 is 
drawn to the enzyme mixture of claim 67, wherein said mutant DNA polymerase 
comrpising a mutation in its partitioning domain or polymerase domain is a 
mutant Pfu DNA polymerase, KOD DNA polymerase, or JDF-3 DNA 
polymerase, wherein said mutant DNA mutant Pfu DNA polymerase contains a 
mutation at an amino acid position selected from the group consisting of at D405, 
Y410, T542, D543, K593, Y595, Y385, G387 or G388. Thus claim 69 still 
encompasses the specific amino acid mutants of Pfu as well as partitioning 
domain or polymerase domain mutants of KOD DNA polymerase, or JDF-3 DNA 
polymerase." 

Applicants respectfully disagree. Applicants submit that the claims as written were clear 
as to the extent that they further limit claim 68. However, for the sole purpose of expediting 
prosecution, Applicants have amended claims 69, 71-74. Claims 69, 71-74 are amended. The 
amendment finds support on pages 27-29 (Tables 2 A and 2B). 

Applicants submit that the above claim amendments obviates the 35 U.S. C. 112, second 
paragraph rejections on claims 69-74. Applicants respectfully request the withdrawn of the 
indefiniteness rejections on claims 69-74. 

Claim Rejections under 35 U.S.C. $112, First Paragraph 

Claims 65, 66, 68-69, 73-74, 76-81 and 83-84 are rejected under 35 U.S.C. §112, first 
paragraph. The Office Action states that these claims are not enabling and that a deposit of the 
referred bacterial DNA polymerases is required. 

Applicants respectfully disagree. In an interview with Applicants' representatives on June 
21, 2004 (see Statement of Substance submitted herewith), Examiner Hutson clarified that the 
enablement rejection was issued in particular because of the recitation of the JDF-3 DNA 
polymerase. The Examiner stated a deposit for JDF-3, not for any other DNA polymerases 
recited in the claims, was required because JDF-3 DNA polymerase was not deemed readily 
accessible to the public. 



Applicants respectfully disagree. Applicants submit that all DNA polymerases recited 
which can be used as the first enzyme of the present invention, including the JDF-3 DNA 
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polymerase, are known in the art and they are readily accessible to the public. No deposit for 
any of the DNA polymerases is required. 

First , Applicants submit that all recited DNA polymerases are well known in the art. As 
stated in the previous response filed December 18, 2003, the specification provides sequence 
accession number for each of the claimed DNA polymerase (e.g., pages 14-19). The 
specification further provides at least one publication reference for each of the DNA polymerases 
recited in the rejected claims (e.g., on page 12). 

Second , Applicants submit that the recited DNA polymerases are readily accessible to the 
public. It is routine for one skilled in the art of molecular biology to express a protein based on 
its known nucleotide or amino acid sequence. The instant specification specifically teaches the 
expression and purification of a DNA polymerase (mutant or wild-type) using a polynucleotide 
encoding the DNA polymerase (e.g., pages 33-34, Example 2). No undue experimentation is 
required for such routine expression and purification of any of the DNA polymerases recited. 

In addition to the teachings of the specification, many of the DNA polymerases were 
commercially available and their availability was known to one skilled in the art. For example, 
page 16 of the present specification provides the availability of some DNA polymerases from 
various commercial sources. Applicants herein further provide more detailed information on the 
commercial availability of the DNA polymerases: 



DNA polymerases 


Vendor 


Catalog # 


Taq DNA polymerase 


Stratagene, La Jolla, CA 


600131,600132, 600139 


Promega, Madison, WI 


M1661,M1665,M1668, 
M1861,M1865 


Tth DNA polymerase 


Promega, Madison, WI 


M2101,M2105 


Tli (Vent) DNA polymerase 


New England Biolabs, 
Beverly, MA 


254S 
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Promega, Madison, WI 


M7101 


Tgo DNA polymerase 


Roche Applied Science, 
Indianapolis, IN 


3186172 


Pfu DNA polymerase 


Stratagene, La Jolla, CA 


600135,600136,600140, 


Promega, Madison, WI 


M7741,M7745 


KOD DNA polymerase 


Novagen, San Diego, CA 


71085-3 


PGB-D (Deep Vent) DNA 
polymerase 


New England Biolabs, 
Beverly, MA 


258S, 258L 


Pwo DNA polymerase 


Boehringer Mannheim, 
Indianapolis, IN 


1644947 



Third , Examiner Hutson clarified during the interview that no deposit was required for 
any other DNA polymerases, but the claims were rejected for their recitation of "JDF-3 DNA 
polymerase." The Examiner felt that the JDF-3 DNA polymerase was not readily accessible to 
the public. 

With respect to JDF-3 DNA polymerase particularly, Applicants submit that JDF-3 
DNA polymerase was not only known in the art, but also readily accessible to the public as of 
the instant patent application filing date. For example, JDF-3 DNA polymerase is described on 
page 12 (lines 19-20 During our June 21, 2004 telephone interview, Examiner Hutson agreed 
with Applicants' that JDF-3 polypeptide sequence was available, but maintained that the phrase 
"JDF-3 DNA polymerase," as used in the claims, even in view of the teachings in the 
specification, did not specifically disclose the particular JDF-3 sequence which would enable the 
making and using of the JDF-3 DNA polymerase in the claimed invention. Although Applicants 
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believe the above teachings satisfy the enablement requirement for JDF-3 DNA polymerase, for 
the sole purpose of expediting the prosecution, Applicants thereby further incorporate JDF-3 
amino acid sequence (SEQ ID NO:2 of WO 01/32887) and its corresponding DNA sequence 
(SEQ ID NO:l of WO 01/32887) into the present specification. The incorporation of the 
sequences is permitted under MPEP 608.0 l(p). Examiner Hutson agreed that such incorporation 
would obviates the enablement rejections on claims 65-66, 68-69, 73-74, 76-81 and 83-84 
because of the recitation of JDF-3 DNA polymerase. During the interview of June 21, 2004, 
Applicants' representative, by mistake, referred to US Patent No. 5,602,01 1 recited on page 16 
of the specification as the patent that contains the JDf-3 sequences. Applicants wish to correct 
the mistake and state that WO 01/32887 recited on page 12 of the present specification contains 
the correct JDF-3 polypeptide and nucleotide sequences. 

In view of the above, Applicants submit that all DNA polymerases recited in claims 65- 
66, 68-69, 73-74, 76-81 and 83-84 are known in the art and are readily accessible to the public 
and/or they can be obtained without undue experimentation. One skilled in the art, therefore, 
will know how to make and use the present invention as claimed based on the teaching of the 
present specification. Applicants, therefore, respectfully request the lack of enablement 
rejections underl 12, first paragraph over claims 65-66, 68-69, 73-74, 76-81 and 83-84 be 
withdrawn. 

Claim Rejections under 35 U.S.C. §103(a) 

Claims 64-69, 75, 82-83 and 85-87 are rejected under 35 U.S.C. § 103(a). The Office 
Action states that the claims are obvious over Barnes et al. (U.S. Patent No. 5,436,149) and 
Komori et al. 

Applicants respectfully disagree based on the same reasoning presented in the previous 
response filed December 18, 2003. 

Claims 64-66, 75 and 85 

With respect to claims 64-66, 75 and 85, Applicants submit that these claims are drawn to 
an enzyme mixture containing a first enzyme and a second enzyme, wherein said first enzyme is 
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an Archaeal DNA polymerase, said second enzyme is a mutant Archaeal DNA polymerase with 
a 3 -5' exonuclease activity and a reduced DNA polymerization activity. Therefore, the first 
enzyme is limited to an Archaeal DNA polymerase and the second enzyme is limited to an 
enzyme with a 3 '-5' exonuclease activity (exo + ). As known in the art, all archaeal DNA 
polymerases contain 3'-5' exonuclease activity (e.g., See Exhibit A , page 327 and Figure 4, 
relevant text highlighted). Therefore, both the first and the second enzymes of the enzyme 
mixture as claimed in claims 64-66, 75 and 85 contain the 3'-5' exonuclease activity. That is, 
the enzyme mixture of the invention as claimed in 64-66, 75 and 85 comprises two exo + 
enzymes. 

First , neither Barnes et al. nor Komori et al. teaches or suggest the present invention as 
claimed in claims 64-66, 75 and 85. Barnes et al. describes a formulation with a majority DNA 
polymerase component lacking 3'-5' exonuclease activity (exo - , e.g., Taq DNA polymerase) 
and a minority DNA polymerase component exhibiting 3'-5' exonuclease activity (exo + , e.g., 
wild type Pfu DNA polymerase). Therefore, the formulation in Barnes et al. comprises an exo" 
enzyme and an exo + enzyme. In contrast to the teachings in Barnes et al., claims 64-66, 75 and 
85 of the present invention claim an enzyme mixture comprising a first enzyme and a second 
enzyme, wherein the first enzyme is an Archaeal DNA polymerase (one exo + ) and said second 
enzyme is a mutant Archaeal DNA polymerase comprising a 3 '-5' exonuclease activity and a 
reduced DNA polymerization activity (another exo*). Barnes et al. does not teach or suggest an 
enzyme mixture of two exo + enzymes. Komori et al. does not teach or suggest such an enzyme 
mixture either. 

Second , there is no suggestion or motivation to combine the prior art references. In order 
to establish a prima facie case of obviousness, there must be some reason, suggestion, or 
motivation from the prior art as a whole that indicates that the person of ordinary skill would 
have combined or modified the references. The Federal Circuit has stated: 
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"[OJbviousness cannot be established by combining the teachings of the prior art 
to produce the claimed invention, absent some teaching, suggestion or incentive 
supporting the combination." 1 

As stated above, Barnes et al. teaches a formulation of one exo" DNA polymerase and 
another exo* DNA polymerase. The formulation is provided based on the theory that the use of a 
DNA polymerase exhibiting 3'-exonuclease activity (exo + ) can overcome the problem of a DNA 
polymerase lacking 3'-exonuclease activity (exo"), e.g., Taq DNA polymerase. Barnes et al. 
provides: 

"As speculated in Barnes (1992; supra), Thermus aquaticus DNA polymerase and 
its variants are slow to extend a mismatched base pain (which they cannot remove 
since they lack any 3 -exonuclease. A couple of companies (New England Biolabs 
and Stratagene) have introduced thermostable enzymes which exhibit a 3'- 
(editing) exonuclease which should, one would think, allow the removal of 
mismatched bases to result in both efficient extension and more accurately copied 
products. In practice, these two enzymes (Vent and Pfu DNA polymerase) are 
unreliable and much less efficient than expected. ... 

I have discovered that the expected beneficial effects of a 3 '-exonuclease can be 
obtained with an unexpectedly minute presence of an Archaebacterial DNA 
polymerase, whilst efficient extension is being catalyzed by a large amount of (3 1 - 
exonuclease-free) KlenTaq-278 or AT." (Columns 16-17). 

As one can see, Barnes specifically teaches a combination of an exo' and an exo + DNA 
polymerases so that the presence of the exo+ DNA polymerase increases the amplification 
efficiency of the exo' DNA polymerase in the mixture, Barnes et al. do not teach or suggest a 
enzyme mixture of an exo + DNA polymerase with another exo + DNA polymerase with reduced 
polymerization activity. In fact, if the first enzyme is an Archaeal DNA polymerase which 
already possesses the 3'-5' exonuclease activity, as claimed in claims 64-66, 75 and 85 of the 
present invention, there would be no motivation for one skilled in the art to mix the first enzyme 
with another exo + enzyme based on the teachings of Barnes et al. Therefore, it would not be 
obvious for one skilled in the art, in the absence of the present teaching, to make an enzyme 



1 In re Geiger, 815 F.2d 686, 688, 2 U.S.P.Q.2d 1279, 1278 (Fed. Cir. 1987) 
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mixture comprising a first and a second enzyme, where both enzymes contain 3 5 -5 5 exonuclease 
activity as claimed in claims 64-66, 75 and 85 of the present invention. 

Komori et al. studies the structure-function relationship of Pfu DNA polymerase, i.e., 
what mutations affect or abolish the DNA polymerase and exonuclease activities of Pfu. Komori 
et al. does not teach or suggests that these two mutants can be used with another DNA 
polymerase, let alone be used with another exo + DNA polymerase (Archaeal DNA polymerase) 
as claimed in the present invention. 

Therefore, there is no teaching or suggestion to combine or modify Barnes et al. and 
Komori et al. to reach to the present invention, that is, an enzyme mixture comprising a first 
enzyme and a second enzyme, wherein the first enzyme is an Archaeal DNA polymerase and the 
second enzyme is a mutant Archaeal DNA polymerase comprising 3 '-5' exonuclease activity and 
a reduced DNA polymerization activity. Because the prior art references fail to provide any 
suggestion or incentive to combine or modify the references, the Office Action fails to establish a 
prima facie case of obviousness. 

Third , even when the prior art references are combined, they do not result in the present 
invention as claimed in claims 64-66, 75 and 85. The combination of Barnes et al. and Komori 
et al. still does not teach or suggest an enzyme mixture comprising a first enzyme and a second 
enzyme, wherein the first enzyme is an Archaeal DNA polymerase and the second enzyme is a 
mutant Archaeal DNA polymerase comprising 3' -5' exonuclease activity and a reduced DNA 
polymerization activity, that is, both enzymes are exo + enzymes. 

In view of the above, Applicants submit that neither Barnes et al, or Komori et al., alone 
or in combination, teach or suggest the invention as claimed in claims 64-66, 75 and 85 of the 
present invention, i.e., to make an enzyme mixture comprising a first enzyme and a second 
enzyme, where the first enzyme is an Archaeal DNA polymerase, said second enzyme is a mutant 
Archaeal DNA polymerase with a 3 '-5' exonuclease activity and a reduced DNA polymerization 
activity. 



Claims 67-6% 82-83, 86-87 
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With respect to other claims rejected under 103(a), namely, claims 67-69, 82-83, 86-87, 
Applicants submit that claims as previously presented are not obvious over Barnes et al. and 
Komori et al. However, for the sole purpose of expediting the present prosecution, Applicants 
have amended the claims. Applicants preserve the right of pursuing the subject matters as 
previously presented in claims 67-69, 82-83, 86-87 (i.e., D405 mutants) in a subsequent 
continuation application. 

First , neither Barnes et al. nor Komori et al. teaches or suggests the present invention as 
recited in claims 67-69, 82-83, 86-87. Barnes et al. describes a formulation with a majority DNA 
polymerase component lacking 3' -5' exonuclease activity (e.g., Taq DNA polymerase) and a 
minority DNA polymerase component exhibiting 3 5 -5' exonuclease activity (e.g., wild type Pfu 
DNA polymerase). Komori et al. describes two specific D405 Pfu mutants (i.e., D405A and 
D405E) that have reduced polymerase activity. Neither Barnes et al. nor Komori et al. teaches or 
suggests the claimed invention, that is, an enzyme mixture a first enzyme and a second enzyme, 
wherein said first enzyme is a DNA polymerase, said second enzyme is a mutant Archaeal DNA 
polymerase comprising a 3 '-5' exonuclease activity and a reduced DNA polymerization activity, 
wherein said mutant DNA polymerase comprises a mutation at a position as indicated in Tables 
2A and 2B, wherein when said mutant Archaeal DNA polymerase comprising a 3 '-5' 
exonuclease activity and a reduced DNA polymerization activity is a mutant Pfu DNA 
polymerase, said mutant Pfu DNA polymerase does not contain a mutation at D405. 

Second , there is no suggestion or motivation to combine the prior art references. In order 
to establish a prima facie case of obviousness, there must be some reason, suggestion, or 
motivation from the prior art as a whole that indicates that the person of ordinary skill would 
have combined or modified the references. The Federal Circuit has stated: 

"[0]bviousness cannot be established by combining the teachings of the prior art 
to produce the claimed invention, absent some teaching, suggestion or incentive 
supporting the combination." 



2 In re Geiger, 815 F.2d 686, 688, 2 U.S.P.Q.2d 1279, 1278 (Fed. Cir. 1987) 
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As stated above, Barnes et al. describes a formulation with a majority DNA polymerase 
component lacking 3 '-5 5 exonuclease activity (e.g., Taq DNA polymerase) and a minority DNA 
polymerase component exhibiting 3 '-5 5 exonuclease activity (e.g., wild type Pfu DNA 
polymerase). Barnes et al. does not teach or suggest a mutant DNA polymerase should be used 
as the minority DNA polymerase component in the formulation, let alone a mutant Archaeal 
DNA polymerase comprising a 3 '-5' exonuclease activity and a reduced DNA polymerization 
activity, wherein said mutant DNA polymerase comprises a mutation at a position as indicated in 
Tables 2 A and 2B, wherein when said mutant Archaeal DNA polymerase comprising a 3 '-5' 
exonuclease activity and a reduced DNA polymerization activity is a mutant Pfu DNA 
polymerase, said mutant Pfu DNA polymerase does not contain a mutation at D405. 

Komori et al. studies the structure-function relationship of Pfu DNA polymerase, i.e., 
what mutations affect or abolish the DNA polymerase and exonuclease activities of Pfu: 

"To expand our knowledge of the structure-function relationships fo the 
family B DNA polymerases, and especially to understand the structural relationship 
between the DNA polymerizing and 3 5 -5' exonucleolytic activities in the polymerase 
protein, we prepared several mutant proteins of Pol BI from Pfuriosus by a 
unidirectional deletion strategy and site-specific mutagenesis, and analyzed their 
activities." (Page 41, the right column). 

"In conclusion, our mutational analysis further supports the idea that the 
polymerase and exonuclease domains in the family B DNA polymerases are 
functionally interdependent. More detailed analyses will be necessary to understand 
the molecular mechanism of the functional interaction between the two activities in 
the DNA polymerases." (Page 47, last paragraph). 

Komori et al. describes two specific D405 Pfu mutants (i.e., D405A and D405E) that 
have reduced polymerase activity. Komori et al. does not teach or suggests that these two 
mutants can be used with another DNA polymerase in the way claimed in the present invention. 
In fact, Komori et al. does not teach that these two Pfu mutants can have any utilities at all. 
Even without the present amendments for claims 67-69, 82-83 and 86-87, that is, even if the 
claims still recite the D405 mutation, one skilled in the art, based on the teachings of Komori et 
al. and absent of the teachings of Applicants 5 present invention, would likely avoid mutating the 
D405 residue of Pfu DNA polymerase to preserve its DNA polymerase and exonuclease activity. 
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Therefore, nothing in the two references teaches or suggests to combine or modify the 
references to reach to the present invention, that is, an enzyme mixture comprising a first enzyme 
and a second enzyme, wherein said first enzyme is a DNA polymerase, said second enzyme is a 
mutant Archaeal DNA polymerase comprising a 3 '-5' exonuclease activity and a reduced DNA 
polymerization activity, wherein said mutant DNA polymerase comprises a mutation at a 
position as indicated in Tables 2A and wherein when said mutant Archaeal DNA polymerase 
comprising a 3' -5' exonuclease activity and a reduced DNA polymerization activity is a mutant 
Pfu DNA polymerase, said mutant Pfu DNA polymerase does not contain a mutation at D405. 
Because the prior art references fail to provide any suggestion or incentive to combine or modify 
the references, the Office Action fails to establish a prima facie case of obviousness. 

Third , even when the prior art references are combined, they do not result in the present 
invention as claimed. The amended 67-69, 82-83, 86-87, are drawn to an enzyme mixture 
comprising a first enzyme and a second enzyme, wherein said first enzyme is a DNA 
polymerase, said second enzyme is a mutant Archaeal DNA polymerase comprising a 3' -5' 
exonuclease activity and a reduced DNA polymerization activity, wherein said mutant DNA 
polymerase comprises a mutation at a position as indicated in Tables 2A and 2B, wherein when 
said mutant Archaeal DNA polymerase comprising a 3 '-5' exonuclease activity and a reduced 
DNA polymerization activity is a mutant Pfu DNA polymerase, said mutant Pfu DNA 
polymerase does not contain a mutation at D405. The combination of Barnes et al. and Komori 
et al. still does not teach or suggest an enzyme mixture comprising a first enzyme and a mutant 
Archaeal DNA polymerase comprising a 3 '-5 5 exonuclease activity and a reduced DNA 
polymerization activity, wherein said mutant DNA polymerase comprises a mutation at a 
position as indicated in Tables 2A and 2B, wherein when said mutant Archaeal DNA polymerase 
comprising a 3 '-5' exonuclease activity and a reduced DNA polymerization activity is a mutant 
Pfu DNA polymerase, said mutant Pfu DNA polymerase does not contain a mutation at D405. 

In view of all of the above, Applicants submit that claims 64-69, 75, 82-83, and 85-87 are 
not obvious over Barnes et al. and Komori et al. Examiner Hutson agreed during the June 21 
interview that such amendment would obviate the 103 rejections over claims 64-69, 75, 82-83, 
and 85-87. 
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In view of all of the above, Applicants submit that none of the pending claims are 
obvious over Barnes et al. and Komori et al., Applicants respectively request the 103(a) 
rejections over these claims be withdrawn. 

Obviousness-type Double Patenting 

Claims 64-87 are provisionally rejected under the judicially created doctrine of 
obviousness-type double patenting as being unpatentable over claims 1-3, 6, 9-14, 18, 20-22 and 
36-5 1 of copending Application No. 10/035,091. The Examiner states that although the 
conflicting claims are not identical, they are not patentably distinct from each other. 

While not necessarily acquiescing to the rejection, Applicants submit that they will 
submit a terminal disclaimer to disclaim any portion of a patent issuing from the present 
application which would extend beyond the term of a patent issuing from the 10/035,091 
application, upon notification of allowable claims in the present application. 
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CONCLUSION 

Applicants submit that in view of the foregoing amendments and remarks, all issues 
relevant to patentability raised in the Office Action have been addressed. Applicants respectfully 
request the withdrawal of rejections over the pending claims. 

Applicant submits that all claims, i.e., claims 64-94, are allowable as written and 
respectfully request early favorable action by the Examiner. If the Examiner believes that a 
telephone conversation with Applicants attorney/agent would expedite prosecution of this 
application, the Examiner is cordially invited to call the undersigned attorney/agent of record. 



Date: September 



Respectfully/submitted, 




Name: Kathleen M. Williams 
Registration No.: 34,380 
Customer No.: 27495 
Palmer & Dodge LLP 
111 Huntington Avenue 
Boston, MA 02199-7613 
Tel.: (617) 239-0100 
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REVIEW 



The euryarchaeotes, a subdomain of Archaea, survive 
on a single DNA polymerase: Fact or farce? 

Yoshizumi Ishino* and Isaac K. O. Cann 

Department of Molecular Biology, Biomolecular Engineering Research Institute, 
6-2-3 Furuedai, Suita, Osaka 565-0874, Japan 

Archaea is now recognized as the third domain of life. Since their discovery, 
much effort has been directed towards understanding the molecular biology and 
biochemistry of Archaea. The objective is to comprehend the complete structure 
and the depth of the phylogenetic tree of life. DNA replication is one of the most 
important events in living organisms and DNA polymerase is the key enzyme in the 
molecular machinery which drives the process. All archaeal DNA polymerases 
were thought to belong to family B. This was because all of the products of pol 
genes that had been cloned showed amino acid sequence similarities to those of this 
family, which includes three eukaryal DNA replicases and Escherichia coli DNA 
polymerase II. Recently, we found a new heterodimeric DNA polymerase from 
the hyperthermophilic archaeon, Pyrococcus furiosus. The genes coding for the 
subunits of this DNA polymerase are conserved in the euryarchaeotes whose 
genomes have been completely sequenced. The biochemical characteristics of the 
novel DNA polymerase family suggest that its members play an important role in 
DNA replication within euryarchaeal cells. We review here our current knowledge 
on DNA polymerases in Archaea with emphasis on the novel DNA polymerase 
discovered in Euryarchaeota. 



INTRODUCTION 

For many decades living organisms were thought to 
cluster into two groups which biologists referred to as 
prokaryotes and eukaryotes. The prokaryotes were 
represented by cells without a nucleus, whereas the 
eukaryotes comprised organisms with nucleated cells 
which included both unicellular (algae and protozoa) and 
multicellular (animals, fungi, and plants) organisms. 
This dogma was radically challenged by Woese and Fox 
(1977) when they reported the existence of a group of 
organisms entirely different from bacteria and eukaryotes. 
At the time of their discovery, the new group of organisms 
were named archaebacteria but with the proposal that 
free-living organisms fall into three domains, based on 
ribosomal RNA comparisons, they were renamed Archaea 
(Woese et al., 1990). Life on our planet, therefore, com- 
prises Archaea and Bacteria which are prokaryotic in 
cellular ultrastucture, and Eukarya, which includes all 
eukaryotes. 

The Archaea, despite being prokaryotes, are evolution- 
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arily distinct from the Bacteria and rather appear to 
share a common ancestor with the Eukarya. Archaea is 
currently divided into three subdomains (Barns et al., 
1996). These are Crenarchaeota, Euryarchaeota, and 
Korarchaeota (Fig. 1). The organisms falling under 
Korarchaeota represent a group of as yet to be cultured 
hyperthermophiles. On the archaeal phylogenetic tree 
based on 16S rRNA, the korarchaeotes occupy a position 
very close to the ancestor of this domain. Aside from this 
information, very little is known about this subdomain. 
In contrast, many organisms from Euryarchaeota and 
Crenarchaeota have been isolated and their characteris- 
tics well studied. The crenarchaeotes were thought to 
comprise only of hyperthermophiles growing at tempera- 
tures above 80°C (Delong, 1998). One member, Pyrolobus 
fumarii, grows at 113°C (Blochl et al, 1997). There is no 
other known organism which grows above this tempera- 
ture. The isolation and characterization of Cenarchaeum 
symbiosum, a psychrophilic (cold-loving) crenarchaoete 
which grows at 10°C (Preston et al., 1996), however, sug- 
gests that the crenarchaeotes thrive within a wide range 
of temperature. There is more diversity in Euryarchaeota. 
Members of this subdomain include the extreme halo- 
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Haiobacterium Euryarchaeota 




Fig. 1. A phylogenetic tree of Archaea. A phylogenetic tree based on small subunit ribosomal RNA sequence. Archaea is divided into 
three subdomains, Euryarchaeota, Crenarchaeota, and Korarchaeota. 



philes (salt-loving), methanogens (methane-producing), 
and a group of non-methanogenic, non-halophilic hyper- 
thermophiles including the genera Thermococcus and 
Pyrococcus. 

The most striking observation from the study of 
Archaeal molecular biology is the presence of homologs of 
eukaryotic information processing systems (DNA replica- 
tion, translation, and transcription) in these organisms. 
Despite this knowledge, DNA replication in Archaea 
remains a puzzle due to a lack of identification of essential 
components as described in very recent review articles 
(Edgell and Doolittle, 1997; Bernander, 1998). DNA 
polymerase is one of the most important parts of the 
molecular machinery in the DNA replication. It is well 
known that in Bacteria and Eukarya multiple DNA poly- 
merases are involved in DNA metabolic processes 
(Romberg and Baker, 1992). The history of the search 
for archaeal DNA polymerases can be followed by the 
review article (Forterre et al., 1994). However, our knowl- 
edge on the DNA polymerases and DNA replication in 
Archaea at that time was so fragmentary. The complete 
genome sequence of the hyperthermophilic euryarchaeote, 
Methanococcus jannaschii (Bult et al., 1996), complicated 
the issue by suggesting that this organism depends on a 
single DNA polymerase for its DNA metabolic functions 
(Edgell and Doolittle, 1996; Gray, 1996; Morell, 1996). 
Three complete genome reports of other members of this 
subdomain (Kawarabayasi et al., 1998; Klenk et al., 1997; 
Smith et al., 1997) seem to substantiate this puzzling 
observation. 



Our research is concentrated on unravelling the mecha- 
nism involved in DNA replication in Archaea. Results 
obtained from our laboratory with archaeal strains show 
that, indeed, similar to other free-living organisms mem- 
bers of this domain contain multiple DNA polymerases. 
In this review, we attempt to summarize the recent find- 
ings on archaeal DNA polymerases, especially on the 
discovery of a novel DNA polymerase in Pyrococcus 
furiosus. The DNA polymerase is highly conserved in 
Euryarchaeota. The current understanding of DNA 
replication across the three domains of life is also briefly 
discussed as a prelude to this review. 

DNA REPLICATION 

DNA replication and repair ensure the maintenance of 
the integrity of the genome. This is essential for the 
accurate transfer of genetic information from parent to 
offspring. However, to confer selective advantage to the 
progeny, the replication machinery may allow a certain 
level of mutation in the genome. The process, therefore, 
plays a central role in the evolution of every species. 

The fundamental nature of the DNA replication process 
is underscored by the conservation of the function of indi- 
vidual proteins in both Bacteria and Eukarya (Stillman, 
1994). In summary, the DNA replication process involves 
1) recognition of an origin of replication by the origin 
recognition proteins, 2) melting and unwinding of the 
duplex parental DNA by a replicative DNA helicase in 
cooperation with a single-stranded DNA-binding protein, 
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Table 1. Replication proteins of the three domains of life 



Function 


Bacterial 
(E, cole) 


Eukaryal 
(yeast/human) 


Archaeal 


Origin recognition 


DnaA 


Origin recognition complex 
(ORC) proteins 1-6 


ORCl-like (plasmid-encoded) 
ORCl-hke (P. furiosus) 


Single-strand DNA- 
binding 


SSB 


Replication protein A 
(RPA; 3 subunits) 


archaeal SSB (RPA) 


Synthesis of primer 


DnaG 


DNA polymerase a 


a-like DNA polymerases 
(H. halobium) 


Helicase 


DnaB (5'-3' helicase) 
PriAO'-S' hehcase) 


Dna2 (3'-5' helicase) 


archaeal Dna 2 


Clamp-loading 


Y complex 
(768'xv) 


Replication factor-C (RFC) 
5 subunits (RFC 1-5) 


archaeal RFC 1 and 2 


Processivity factor 


Pol p (DnaN) 


Proliferating cell nuclear 
antigen (PCNA) 


archeal PCNA 


and lagging strand 


DNA nolvmerase III core (clQf) 
(family C DNA polymerase) 


DNA a/e/8 

(Family B DNA polymerase) 


Family B DNA polymerase 
New DNA polymerase family 


Ligation of strands 
on lagging strand 


DNA ligase 
(NAD-dependent) 


DNA ligase 
(ATP-dependent) 


DNA ligase 
(ATP-dependent) 


Removal of primers 


DNA polymerase I 
(Family A DNA polymerase) 
Ribonuclease H 


FEN1/RAD2 (5. pombe) 
Ribonuclease H 


archael FEN1/Rad2 
Ribonuclease H 



3) synthesis of a RNA/DNA primer for the leading strand 
and for each Okazaki fragment on the lagging strand by a 
primase, 4) the clamp (brace)-loader recognizes the 
primer/template and loads the sliding clamp which forms 
a ring around the duplex DNA behind the primer/template 
junction, 5) the polymerase is loaded onto the DNA, and 
6) elongation ensues if all four dNTPs are available. Any 
experiment analyzing the molecular mechanism of DNA 
replication in Archaea has not been reported. However 
many homologs of the proteins working on the eukaryotic 
replication have been found by the total genome sequences 
of several archaeal strains. We compared the archaeal 
homologs to the proteins involved in DNA replication in 
the two other domains. As shown in Tablel, the majority 
of the protein involved in archaeal chromosome replica- 
tion are of eukaryal type. 

DNA POLYMERASE 

Since the establishment of the gene cloning techniques, 
many genes encoding DNA polymerase have been cloned 
and sequenced. A proposal to classify DNA polymerases 
into Family A, B, C, and X on the basis of their amino acid 
sequences was made (Ito and Braithwaite, 1991). These 
familes are represented by Escherichia coli DNA poly- 
merase I (Family A), DNA polymerase II (Family B), DNA 
polymerase III a-subunit (Family C), and others such as 



DNA polymerase p and terminal transferase (Family X). 

Most of the biochemical properties of the DNA poly- 
merases in the same family are similar. In Bacteria and 
Eukarya, several types of DNA polymerases have been 
isolated and characterized (Fig. 2). E. coli DNA poly- 
merases are the most studied enzymes in Bacteria. Pol I 
and Pol II are the single polypeptide enzymes. Pol III is 
the DNA replicase of this organism and is a multi-subunit 
enzyme (10 different subunits). On the otherhand, in 
Eukarya five DNA polymerases (a, P, 8, e, and y) have been 
characterized in detail. In addition, Pol £ and r| were 
recently characterized from yeast (Nelson et al., 1996; 
Sugino, 1995). Pol a, 8, and e are the DNA replicases and 
have multisubunit structures. The catalytic subunits of 
these Pols for DNA polymerizing activity belong to Family 
B. 

In the eukaryotic DNA replication, DNA polymerase a 
forms a complex with DNA primase to synthesize RNA/ 
DNA primers for initiation of leading strand synthesis and 
for each Okazaki fragment during lagging strand replica- 
tion. According to biochemical studies using plasmids 
containing the Simian Virus 40 origin of replication, it 
appears that DNA polymerase 8 replicates the leading 
strand and also completes the lagging strand in eukaryal 
cells. There is therefore a DNA polymerase switch from 
the DNA polymerase cc/primase complex to DNA poly- 
merase 8. On the contrary, in E. coli a primase (DnaG) 
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Fig. 2. Distribution of DNA polymerases from family A, B, C, and X among Bacteria, Eukarya, and Archaea. DNA polymerases from 
the same family are represented by the same pattern. 



synthesizes the initial RNA primer which is then elongated 
by DNA polymerase III core enzymes. The same appara- 
tus synthesizes the lagging strand in a coordinated 
fashion. Pol 8 and e in Eukarya contain separate do- 
mains for DNA polymerizing and 3' • exonucleolytic 
activities in the same polypeptide. In contrast, in E. coli 
and other gram-negative bacteria the subunit for poly- 
merase activity differs from that for exonuclease activity 
(a and 6 subunit of E. coli Pol III). The exonuclease 
activity is essential for the maintenance of the accurate 
DNA synthesis. 

The molecular mechanism of DNA replication is one of 
the most interesting subjects in molecular biology, and 
therefore many review articles have been published. For 
a thorough account of our current knowledge of DNA rep- 
lication in eukaryotes and prokaryotes, refer to the follow- 
ing reviews, Stillman (1994), Kelman and O'Donnell 
(1995), Baker and Bell (1998), Waga and Stillman (1998). 

ARCHAEAL FAMILY B DNA POLYMERASES 

The study on the archaeal DNA polymerases started by 
using some halophilic archaea as the subject. Aphidicolin, 
a tetracyclic diterpene tetraol, which is a specific inhibitor 
of DNA polymerase a from eukaryal cells (Huberman, 
1981), was found to inhibit the growth of Halobacterium 
halobium (Forterre et al, 1984; Schinzel and Burger, 1984) 



and some by preferentially affecting DNA synthesis. 
Therefore, it was hypothesized that the DNA replicase of 
Archaea was similar to that of Eukarya. Subsequently, 
a-like DNA polymerases were purified from H. halobium 
(Nakayama and Kohiyama, 1985), Methanococcus 
vannielii (Zabel et al., 1985), and Sulfolobus solfataricus 
(Rossi et al., 1986). The biochemical properties of these 
enzymes were similar to the eukaryotic DNA polymerase 
a. However, there also have been reports describing 
the aphidicolin-resistant DNA polymerase activities 
in Sulfolobus acidocaldarius (Klimczak et al., 1985), 
Methanobacterium thermoautotrophicum (Klimczak et al., 
1986), H. halobium (Nakayama and Kohiyama, 1985), and 
Thermoplasma acidophilum (Hamal et al., 1990). After 
a while, DNA polymerase genes have been cloned from 
S. solfataricus (Pisani et al., 1992), Thermococcus litoralis 
(Perler et al., 1992), P. furiosus (Uemori et al., 1993), 
M. uoltae (Konisky, 1994), and Cenarchaeum symbiosum 
(Schleper et al., 1997). The deduced amino acid se- 
quences of all the genes contained the signatures of family 
B DNA polymerases. 

In 1994, two different genes were cloned from S. 
solfataricus P2 cell, both of which seemed to encode family 
B DNA polymerase (Prangishvili and Klenk, 1994). In 
1995, two different family B DNA polymerase genes were 
cloned and expressed in E. coli. Both products actually 
exhibited DNA polymerase and exonuclease activities 
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(Uemori et al., 1995). In addition, in the course of se- 
quencing the genome of S. solfataricus P2, a gene reputed 
to code for a third family B DNA polymerase was identi- 
fied (Edgell et al., 1997), even though the amino acid 
sequence similarity of this protein to that of other family 
B members is not strong and there is still skepticism as to 
whether the gene product has DNA polymerase activity. 
These are significant findings because they suggest that 
Archaea and Eukarya, which has three family B DNA 
polymerases (a, 8, and e) in the nucleus for DNA replica- 
tion, share a similar molecular mechanism of DNA 
replication. Pyrobaculum aerophilum has ORFs coding 
for proteins with similar amino acid sequences to P. 
occultum Pol I and Pol II (Fitz-Gibbon et al., 1997), and 
very recently, we cloned two genes for family B DNA poly- 
merases from Aeropyrum pernix (Cann et al., unpublished), 
an obligate aerobic hyperthermophilic crenarchaeote 
(Sako et al., 1996). All these organisms described as hav- 
ing two or three family B DNA polymerases belong 
to Crenarchaeota. How about Euryarchaeota? We 
attempted to clone a second gene for a family B DNA poly- 
merase from P. furiosus, however, did not succeeded as 
described below. When the total genome sequence of 
M. jannaschii was published, startling observation on the 
lack of some important sequences were reported (Bult et 
al., 1996). One of these inconsistencies was about the 
DNA polymerase. Only one family B DNA polymerase 
was found in the whole genome as described above, and no 
more sequences likely to encode DNA polymerase were 
found. It would be very surprising if the life of this 
archaeon was dominated by only a single DNA poly- 
merase. Recent genome sequence projects let us search 
for the genes for family B DNA polymerases. All strains, 
M. jannaschii, A. fulgidus, M. thermoautotrophicum, and 
P. horikoshii possess only one family B DNA polymerase 
gene as well. 

The archaeal family B DNA polymerases are overall 
similar in amino acid sequence, however, they can be 
divided into two groups. The eury archaeal family B DNA 
polymerases are very similar to one of the crenarchaeal 
family B DNA polymerases, whereas the other is found 
only in the crenarchaeotes (Fig. 3). From our analyses, 
Pfu Pol I, Poc Pol II, and Ape Pol II (group 2 in Fig. 3) are 
sensitive to Aphidicolin at a concentration of less than 2 
mM. At a similar aphidicolin concentration, Poc Pol I and 
Ape Pol I, and SohPol I (group 1 in Fig. 3) were resistant 
(the resistance of Pol I from Sulfurisphaera ohwakuensis 
is a personal communication from N. Kurosawa, Soka 
Univ.). We hypothesized that the family B DNA poly- 
merase homolog which is common to both subdomains is 
aphidicholin-sentitive. In contrast, the homolog found 
only in crenarchaeotes is aphidicolin-resistant. An excep- 
tion is the protein from S. solfataricus, which is sensitive 
to aphidicolin even though its sequence is more similar to 
the resistant group (Taguchi and Ishino, unpublished). 



The difference between the two family B DNA poly- 
merases in terms of the biological roles in the crenarchaeal 
cells have to be investigated. 

Archaeal family B DNA polymerases, especially those 
from euryarchaeota, often contain inteins. Inteins are 
intervening sequences that splice as proteins and not as 
mRNAs (Cooper and Stevens, 1993; Perler et al., 1994). 
After the production of the precursor protein the intein is 
excised from the protein and the external protein regions, 
which are referred to as exteins, are joined together. 
Archaeal DNA polymerases contain hot spots for insertion 
of inteins. The regions which are known to contain these 
inteins are region I, II, and III (originally proposed by 
Wong et al.,1988, which contain most conserved motifs, 
motif A, B, and C, proposed by Delarue et al., 1990) in the 
domain for DNA polymerizing (C-terminal) in Family B 
DNA polymerases and they are actually important for the 
formation of the catalytic center of DNA polymerizing 
activity (Fig. 4). An interesting observation is that, so 
far, all intein-containing DNA polymerases come from the 
euryarchaeotes. Two inteins each were found in the 
precursor proteins from T. litoralis, (Perler et al., 1992), 
M. jannaschii (Bult et al., 1996), Thermococcus fumicolans, 
(Cambon and Querellou, 1996), and Pyrococcus sp. KOD1 
DNA polymerase (Takagi et al., 1997). One intein was 
found in the precursors from Pyrococcus sp. GB-D (Xu et 
al., 1993), and P. horikoshii (personal communication from 
I. Matsui, Natl. Inst. Biosci. Hum-Tech., Tsukuba). 

Archaeal Family B DNA polymerases can practically 
elongate primers in vitro by themselves, even though they 
generally have very low processivities, for example, seven 
dNTP/binding for T. litoralis DNA polymerase (Perler et 
al., 1996). Therefore, some DNA polymerases from 
hyperthermophilic archaea are commercially available 
as PCR enzymes. One of the remarkable advantages 
pertaining to the use of archaeal DNA polymerases for 
PCR is the high fidelity of synthesis derived from their 
associated strong 3' • «5' exonuclease activity (Lundberg 
et al., 1991; Mattila et al., 1991; Takagi et al., 1997). 

The three dimensional structure of several nucleotide 
polymerases using DNA or RNA as a template have been 
solved as described below. However, any structure of 
family B DNA polymerase had not been solved until 
recently. The three dimensional structure of the family 
B DNA polymerase from E. coli bacteriophage RB69 was 
solved last year and the structure of the catalytic palm 
domain was found to be basically the same shape as that 
of other polymerases (Wang et al., 1997). However, the 
structures of the fingers and thumb domains are unrelated 
to all other known polymerase structures. Further 
analyses of the structure-function relationship of the DNA 
polymerase of this family are still necessary. The family 
B DNA polymerases from the hyperthermophilic archaea 
are useful for this purpose, because of the excellent stabil- 
ity of these proteins. Crystal formation of three DNA 
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PocII wrmEFVl^SSY£XLGKEmiU\tUTU>GK^^ 

T li -m ILDlOYn'KDGKPIIRIFKK-HWGEFKIELnt'H^l^IVAl JLKD I5SAI 

P£ U -HI LOVDY ITEBCK Pv' J RLiFKK~ EN GKFKIEH CRT FRPY FY ALLRD 

Afu -MER\^*UDADYmCC3CAVVRU*:K-DW FOIL 

SOOII ~-raiO)PVIU>PSYElKCmVX^niJSVDDEGNSS W««FRPYFYIIYEGNE--KEI I 

PocII EEX AASIRRtSVVKSP IIDAKPU>KRYF<3rl PRKAVKITTHI PESVRHYREAVKKIHCVED 

Tli EKf KAIKGERHGKTVR VU3AVKVRKKPL£^^ IFEH PQD V PAM RGK I Rf3 IPAWD 

Pfu £EVXKXTCERHGKIWlVfcV£KVEKKFt£KP ITW^LYLEHPCPVPTI REKVRH JPAWD 

Afu KHAATSTRR EVIKLKSFEiUyCLKTU5REVEGYIVYAHHPQflVPXLKDYI^SQfV» D 

SflOl EMKKN -CEAI^rrKVKRKYI^NIWAU.igrsrrPlQlKKCBEK ISELttNlRG 

PocII SLEADI RFAMRYL I DK RL Y PFTVYR I PVEDAGRN PG FRVDHVYKVAGI) P~ EPLADITRID 

Tli IYEYDI PFAKRYLIDKCLI tME -GDE E-~ 

Pfu 1 FKYDI PKAXRYLIOKG LI K4E —GEE B— 

Afu VREAD I PFAYRYLI DK IAIE GEKQGC — VIRSYKIEXVERI PRME 

Saoll IPmDIRyTORYSl^FDLRPFWFRAEVN-EVKFT>GFR TKKAYIUBKIkSHYEGN 

POCTI 
Tli 
Pfu 
Afu 
Saoll 



(a) 

Soh ~- >lARQITtPDfTLKKllQNKDESRKE — EIPilANKJEERR 

Sec MSKCyvTU'I?FSIKKI)ESKEQTl%ESVEVPKffrAl>i---R 

SGOl MTKQl/TLFDI PSSKPAKSBQOTQO — SQQSAFVEEKKV 

POCI MKAQPOJLATIIQ£-LTTEKAVVWR^^ 

Coy 

Soh XPK — - EW1KEAEEGKSY FLLQV D YUG KXSKA ICKLYDKETKK 

SAC TKI - EWI KFAEtXycWm/3VDYD5KKSRAVCKI.YDKBGKK 

SOOl VRR EWLKEAQENXIY FLLQV D VDGKi C GKAV C KL FWETQK 

PocI OaXJSlJJGGSRGMJSW^PMraPLEARIX^ 

Coy VQDAVEI PPSLLVSATYDSQAGAVVLKPYEP ESQK 

Soh IY ILYI&TCHKmTTDIDP-EKVNK IPXWRDPSFDHI JSTVIKIDPYSGNKI KI.TKIW 

Sac IY H4QDESGHKPYFLTDIDP- CKVfK HKWRDPSFDHLEIJB4KVDPYTCKKIRLTKIW 

Saol IYALYKiTGllKPYFLVDLEP-DKVeKiPK IVRDPSFDH IETVSKIDPY1VWKPKLTKIW 

POCI VYVYFDRTCYMPYFLTDIPP-raLQEUIEWRHXGra^ 

Coy IVIfrtftf^IKPYCYTRCPP SE LGE LEGREOVLGT EQ\ftlRl{CLIADKDVPVTKI TV 

Soh KDPLAVR-HKRflSVPKA YEAH IKY FNNY IYD1/5LI PGLPYWKKCKLEQt JIPELKS 

SflC KDPLAVR-PtfRSSLPXA YEAFlIKYYtfi4YVYDJ^IPGUYKVl«GKLTQLNPEU5Q 

SSOl PJDPLAVR-RJLRtlDVPKA YEAH 1 KY FNJJYIfYD IGLI PG MPYWKN GXLES VYLS LEE 

POCI KTPDWR-VIJRLKVPRA VJEANIKFHHNY IYDYGL VPGMXYRVGKG jlL IL LGGEASG 

Coy ADPlAI«^3FJ<SIENIKDr«E^ 

S0h EE VDE IRKAFADSDEMTKEAVN DWI PIFESEVPDVKRVAI DIEVYTPIKGR 

Sac EE -I^IKK-i^DAYFj»n'K£lVND;*m 

Sool KD VEE IKXAFAOSDEMTRQMAVOWLP IFETBI PKIKRVAI DI EVYTPVKGR 

POCI CD ERH IRBI FSCEDESTIEMAVK WLS J J^EQPPPKPRRLAVDI EVFTPPKGR 

Coy EVKUu^KSUJWDKVVDa^^ PRinRLSPDIEVDSE-ECR 

(BxoX) 

Soh IPDPEKAEFPI IS ISLAGNCGTKRVLVLLREDVNSQITK- --HD- VXVETFKSERELIRR 

Sac XPUPBRAEPPIlSVAi^DGSKrWJOKIlED^^ 

S60I IPOSQKAEFPIIS I AI^DSLKJCVLVUJP^VNEQSVK- — LCCtSVERFm'EYELLGR 

POCI IPDPSTASYPVISVAFiSSDEWRAVY^ 

Coy IPDPKISCRRVTAWAATDSl^QVFVLRSC- -AEEGENG- VTP^EWFYDXEADIII RD 

Soh PFDIIU)YPIILmXJIX^IPYIYYRAUaNFrPEEIPPDI IN - DEGKYLAG I HI DLYK 

Sac LmiREYPKLl/rfTODDPDI PYTYPRAIi4tWFSPEEVPIDWS-GEGKi ? XAGIHIDLYK 

Sool FFDILUsmVI/rFNG©Dm<PYIYP?^I^ 

PocX AFRLISfJYPVMyTFtXiU)NFD^ 

Coy ai^vigsypfvltyi«ddfd:ipyi<lnrarrlgvsdsdiplyi^r- DSATLRHGVHLDLYR 

(SxoXX) 

Soh FFFMRAIiWAFEGKYNEYNUmVATAU^^KVK^ 

Sac FFFNRAVSIYAFEGKYSEY SLYAVATALL3 ISKVKU>fFl SfT'JDIDKLIEYWLRDAEITl, 

S30I FETOKAVRNYAF£GKYNE^NLDAVAJ<ALLGTS KVKVDT L I SFLWEKLIEYNFRDAKITL 

POCI FFSTKAVC^YAFG^YQEFTLDAIASAU/JBiKVEV^ 

Cey TFS^SFQLYAFAAKYTDYSUJSVTKAVOjGffi 

Soh KLTTFI^ILVKKLX I LLARI SKI-JG LB EL1RTEV STi'/IKlJL YYV<EJ {RRRLv/LI PLKEEI LT 

Sac KLTTO^M,\^UWLIJ^ISK^^ 

Sool Ql/rTR^0LTMKLIVU^RISPJ/3J^ 

POCI RI/PTFNHiDLVWSLl IU^ISKLPU^TRE<^SAViVKSLmna«iI^YLIPSREEI IR 

Coy ELSTFG^En^DLTiVVTSRI ARtjP tDW^Sf^VSC^/IRSLLYYDIRQRNALIPRRDELEG 

Soh RSSC- IKTAAI IKGKRYKGAW IDPPAGVFFNWVLDFASLYPS 1 1 rW^MSYETVD— V 

SOC KSl^-VCTAAVIKGKKYF.CAWIDPPACV^ IKN»£USYETXB--X 

SOOX KSK}- IKTSALIKGKGYKCAWIDPPAGI FFN ITVLDFASLYPSI I RTWHLSYETVn— X 

POCI U<GT«TFi5EAI^KGKKYC^r^DPPSGIYFN.r>A^U»-A^ 

CBy KSRE-VShDAVIKDKKFif^LVVEPEEGIHFDVTVKDFASLYPSIIKVPJil^ 

< Motif A) 

Soh E^KNXEYVRDETG EVLHY IC3C DKTCITAV ITGIA^FRVKVY1<XKAKS^ IS EEQK SVY 

Sac DHCTKKW'iVEDETG EKL ! fYVCMDKPG 1 1 ' AVYQG L I RDr*RVK VYiOU^AK Y I i;E£QR SLY 

Sool C^KPYEVKDETaSVIJilVCMDRPGITAV ITGLLRDFRVK lYKKKAKNWNSEDQKIi Y 

POCI WCPES--iaVEVPI^HKVCMSIPGLTSQIVGUiU)YI^I 

Coy AECKKN -TXPJ^KWVCTKNNGLTSM I IGSLRDLKVNYYKSLSKSTS ITEEQRQQY 

{Motif B ) 

Soh I7A/QRAHKVFimTY(3\^t^^PLYAPAVAESVTA IGRYVnTTVNYCRS IGLQVLYGD 

Sac DVVQRWIKVTPII^IATYGVFXSAENFPLYAPAVAESW I ITPIYXOAEKUiLKVI YGD 

SOOl rA^RAIIKVFIf^TYCT/fX^TFPLYAPAVAESV 

POCI LTVQ AA!JKVYI>iASYGVFX3AE SFPFYAP PVAESVrA IGRYTIKQTLQ KAGELGL RVLYGD 

Coy TVlSQAU<^A^^aSYGVMC^IFPLYFIJ?AAEATlAVGRY 1 1MQT i SHCE^flGVRVLYGD 

Soh TDSt-ffLWEIPSKEKLEEI IKFVKGXFGIJ>LEN/DKA^yKFVAFSGU(K^ 

Sac TDSU^Y^W*LEELIKmWFNU5UE^^ 

SSOl TDSLFLLMPPKHSLEl'J I IFfrA/KlTFNLXLEVUKTYKFVAF 

POCI TDSIJ'I V^rBnKLREU^YVEKNFGLDLEVDKVYK FVTPSGLKKNY IGAYEI3GS I DVKC 

Coy TDSLFI XOPEERQ IKEIVEHAKKEUGVEL^VDK EYRYWLSNRKWIY PGVTRAGKVDVKG 
C) 

Soh ^^AKK!W^maKKEFNEVK0LVT^aiSPI3DIPK IRDQLEYKI KEI YEKLRHKOYNLDFX. 

Sac MUuXKRliTPEFIKKEFAEl Kr24LASUJSP«DIPEVKNXt^I KI KDI YYKLRJ i KGYNLDUL 

SOOX MJ AVKKW/TPEFVKKVFNEVKEI21 1 PIOVKE IKRX IVDWKGS YEKLKT JKGYMLDE L 

POCI MVAKKEWTPEF LKKEF SE11A VTG SVKSP EDFTKVRRV I RERUiKVYtC FNLDEL 
Coy LTGKKSHTPPFIKELFYSU*DILSflVESEDEFESAKMRISKAIAA^ 

Soh AFHWLSKPLESYTKNrPQHVKAA LQLRSYGVMVLPRDI IMfVK\TKSKDGVKPVCLAKLS 

SOC AFWMLSKPLDSYrKWPXJ>lVKAa*GW^AF^ 

SflOl AF KVIILSKP 1 1) AYKKNT PQIWKAALOLRPFGVNVL PRDI I y YVKVRSKDGVKIVQLAKVr 

POCI AI KMALNKP VEAYTKNT PQHVKAAR^ I RAGVQVLPG DVI S f-VKVKGKJQGVKPVOLA RL P 

Coy AFNVM I SKAPSE YVXnVPQH 1 RA^RLLENA-REVKKG DI I SYVKVMNKTGVKPVEI JARflC 

Soh E I CVDKY TDAVR STFEQ I LKAFG LIGAf JLI^LLS ILSLT 

Sac EIDIFJTT^LR^TFEQIU<AFGIS'.VDEIVSTIS---JDSFFGS^ 

SOOl EIDAEKY UjAU^STn^XLRAFGVSWDET AATMS IDSFFSYPSXGNS 

PocX EVI^J<YVES>JP^FEOli>I^IS/^VDEIiGSSR---l£AFFSRP^ 

Coy EVOTSKY tEFMESTUDQLTSSMGLDFDEI IXJ KPXQTCKKQFFFK 

Fig. 3. Amino acid sequence alignment of archaeal family B DNA polymerase homologs found in a) crenarchaeota and b) both 
crenarchaeota and euryarchaeota. The suffix (I) and (II) are used to indicate the crenarchaeotes which seem to possess two family B 

DNA polymerases. The euryarchaeotes lack this suffix because of the presence of only one homolog. The proteins and their accession 
numbers are as follows: Sohl (Sulfurisphaera ohwakuensis Pol I, AB008894), Sad (S. acidocaldarius Pol I, U33846), Ssol (S. solfataricus 
Pol I, U92875), PocI (P. occultum Pol I, D38573), Csyl (C. symbiosum Pol I, AF028831), PocII (P. occultum Pol II, D38574), Tli 
{Thermococcus litoralis Pol, M47198), Pfu (P. furiosus Pol, D12983), Afu (A. fulgidus Pol, AE001070 ), SsoII (S. solfataricus Pol II, 
X71597). Identical and similar amino acid residues are indicated by red and green letters, respectively. 
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LPPMRLVAFDIEVYSRRGSPnPARDP VI XV SLRDSEGKERL I EAEGH D -DRR 

LKU^mETFYflEG-DKFGKGBIIMISYAD-EEFARVIT^ 

IXU^TOIETLYHBG-EETCKCPII^^ 

FPEIJ^ILVFDCH'ILSSPC^IPEPEKDPI I VISVKTNIjDDEI WIG D — -ERK 

MPE L KT 1 CVDFQX Y S K YGSL L' PRKDP I WH S LV/S"K£G PMQFSLDBG I D- --DLK 

(fixoX) 

VU<EFVEYVRAFDPDI IVGYNS^TWYLHERARRLG IKLDWPJWG-AEP'ITSVYG-- 

^lIKR^VQVVKm>PDVIl'm^Gl^^^3L™ImEKU5WL^n^ 

niKRFUU IREKDPDIIVTYKGDSFDr PYLAKRAEKLG1 KLTIGRDG- -SEPKMQRIGIM 
1 ISDFVKL IK SYDPDI IVGYNQDAFCvT Yl. RKRAER^ I PLDVGRDG — SNWFRGG— 
I IRRFVDY ILNY DW5I I FV YDSDLLPV?KY1TERASS U3 VK 1 DI GRKIG-SEVSVCTrYG— 
(SxoXX) 

-IWSVC<3W^Vr^YDYAP^>lPErK>«ll£W-AF^W 

FAVB IKGRIHF C^FPVVRRl'If PrYTLEAVYEAVLCKTKSK LGAEEIAAIV.'ETEE 

TAVEVKGR IHFDL YHVITRTI ML PTYTLEAVYEAIFGKPKEK VYADEIAKAWIiSGE 

-RPX ITGRUMH.YD TAhlRISnrKIKKI^tJV-AEFliSTKIEIAD-- 1EAKDIYRWSRGE 
-HYSISCPJL^JVCLTaiXVNEP3I^liVDLIW-Str/lJGISPSR-~YSFKtJYEI©^^^ 

KRQLCiRYALDOVPATyGIJV^^ 
SMKKlAQYSMEDW^TYEl/3KEFFWIEAtXAitl < ,IGO^ 
hO,ERVAKYE>:£limTYELGT<FPU>MEigLSPa^GQPLV/OVSRSSTG^ 
K- EKVlNYARC^INlYLIAKELLPMHYEI^KMrRLFv^IArrR^ 
MRRX IRE YSX EH/41SX YLLGMYLI^IYSELVKTVG LPLDKI<SVASWGNR I ETSLT PTATK 
(BXOIXI) 

MNELVPNE-VE RRG^Y1CGAWLKPl^GVIiaTyWIi>PSSMYPSimKYJWGPDT 

FNELAP?IKPOK3EEYJCRRLRTTYI/G^YVKEPE^ IVTHNVSPEfr 
I^EVAPNKPSEEEYQRRLRES YTGGFVKEPEiiGHVEN IVY LDFRAI^YPSIIl'n^VSPtrr 

IGEIAPNP-PE- MAES YEGAFVI JE PERGLHENVAC U3FASMYPSI J{I' AFW i S PUT 

SOEl»XPIfndDWP NRPSXIKMNITIQPKVCIYTWWUJISSVYSXiVIRKFNIAPDr 

(Motif A> 

J VJ^PSECPKYCXXrYVAPEVX>HRFRR SPPGFFKlVliEN LLKLRRQVKEXHKEFPPOS PHY 

LEX-EG-CKTJYD VAPr^YRFCiaJFF^IPSILGDLIAMKQDlrU^K^ST-IOPIEX 

LNL-EG-CKHYD I/M>0VGl{KFCKl)IK»FIPi^LaiL!;EERQXIK71C^ET-QDPIEX 

YG CEUJDC- -YEAi>L^GiIKFP^S^D^TKRILmL]EKRRELKWLKl^PF^SEY 

LVK — EQCDLCY SSPISNYKFKREPSGLYKTFLDELSNVR -VS 

RLYDERQKAi M-i AS YGYFiGVJ SHAKVr/C KRCAEAVTAWX.1 R NL I LTA I EYARK-LGLKV 
KJ0J3YRQfl\IKn^SVYGYI«YPKARivYSKEO\ESVl^^ 

I LLDYRQKAIKLLANS FYGY YGYAXAKWYC KECAES Vl'AV.XSRKy I ELVWKELEEKFGFKV 
KLLDIKOCTLKVLTI^S FYCY^/NU^vYC HPC/iEATrAi ^GRl CF IRrSAKXAES-MGFKV 
— M--KIKVIEELISS f-^ID YVHV.VN/^Y S RE I ASAFDSFSNEI I RFII DLIKS- SGLDV 
<Motif 8 ) 

lYGCTOSLFWY DKK KVKKI-2EFVEKELG — FEIKIDKIYKKVFFTEAKKRW 

t*YAtmX»pyATI PGEXPELIKKKAKEFLNYIl^ 5KLPGLIJSLEYi:GFYI<RGFF VP- KKRYA 
LYimtfcLYATIPCX^EEIKKKAI^VXYra 

LYGDH)SIFVTKA<»mtE--«-DVDRLIlKUffieLP~-iaiEVDEYY£A 

IIANOLL IFVTG-C3-SRfJ KVUELTIXINSLYN-- U^KVKIFYKSIXVLD-KNRYA 

(Motif C) 

GLLEiXJRIDiV — GFEAVRG^CEIJ^EVOEKAAEXVIJ^PGJ^VDKAISY 1REV1 KQLREC 

VIDEEGRlTTR--GLFA^VRRIAVSEIAKEmKVLEAII^ 

VID£EGKVITR--CXEIVRm7SEIAKI^AR^ 

GLTEl^RLVVX'-GIJEVRRC^CEIAKKVQP^ 

C3-SEGDKIDIARK(mED-'KNlCEIAraiXRKIIEEILISXWm^l^ 

KVP ITKL I H'/KT ti3Ul 2EEYEHDA WiVMAARRMKEAGYEVS WDKVGYVIVKGSGSVSSR 
RVPLEKLVIKEQlTRDUOX^KMGPiiVMAW^AARGlKVK 

EI PP EKLA I YEQ VT RPI JiEVKAIC THV AVAiOO-AAKCA'K IK PGMV IG^j IVI-RGDG P J SlXi 
KVSLEEW I YKGL1^0XPSKYTS^X^ WKAALKAREMG I IYFVS5KIGYV IVKGSGN IGDR 
EFCWEELIT>-2AX IEI<DI^F^iNQLFFVT/v\PRAIQSGYLISK»SXIG\'V 1VKCUJPLNDR 
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Fig. 4. Schematic comparison of Archaeal family B DNA polymerases having intein in the precursor protein. Black and gray regions 
represent highly conserved motifs important for polymerase and exonuclease activities, respectively. Inteins are indicated by slanted 
lines. DNA polymerases from two more Pyrococcus (P. sp. KOD1 and P. horikoshii) have inteins. Insertion positions of KOD1 Pol is 
the same (motif A and B) as that in M. jannaschii, and one intein is inserted in the motif B in Pho Pol same as GB-D Pol. 



polymerases and preliminary diffraction analyses have 
been published (P. furiosus, Goldman et al., 1998; S. 
solfataricus, Nastopoulos et al., 1998; Thermococcus sp. 
9°N-7, Zhou et al., 1998). 

EURYARCHAEL HETERODIMERIC DNA 
POLYMERASE 

Background. Despite intensive search through DNA 
sequencing of PCR products amplified using the degener- 
ate primers, which were designed based on amino acid 
sequence of conserved motifs in family B DNA polymerases, 
only one DNA polymerase gene as described above 
(Uemori et al., 1993) could be isolated from P. furiosus. 
An experiment was, therefore, initiated to determine the 
number of detectable DNA polymerase activities in the cell 
extract of P. furiosus (Imamura et al., 1995). In the 
experiment, DNA polymerizing activity was measured by 
incorporation of [ 3 H]TTP into trichloroacetic acid insoluble 
products. Three different DNA polymerase activities (I, 
II, and III) were detected in P. furiosus cell extract frac- 
tions generated by an anion exchange chromatography 
(Fig. 5). The activities in fraction I and II were sensitive 
to aphidicolin which suggested the presence of family B 
DNA polymerases in these two fractions. The protein 
eliciting the activity in fraction I was purified and its 
amino-terminal amino acid sequence was determined by 
the Edman degradation method (Edman and Begg, 1967). 
This protein was the family B DNA polymerase (Pfu Pol I) 
previously isolated in P. furiosus (Uemori et al., 1993). 
The DNA polymerase activity in fraction III, unlike those 



in fractions I and II, was resistant to aphidicolin. In 
order to purify the protein responsible for this DNA poly- 
merase activity, which was named Pfu Pol II, the cell 
extracts were passed through several purification steps 
(1, ammonium sulfate; 2, TMAE-anion exchange; 3, 
phosphocellulose; 4, heparin-sepharose; 5, Sephacryl 
S-300; 6, 2nd heparin-sepharose). In situ DNA polymer- 
ase assay through activity gel analysis (Wernette et 
aL, 1986) suggested that the DNA polymerase activity 
originated from a protein of molecular mass 130 kDa 
(Imamura et al., 1995). The activity in fraction II (Fig. 
5), which has not been identified, may be a third DNA 
polymerase in P. furiosus. Another possibility is that 
Pol I might have complexed with some other proteins 
and eluted at a different place in the chromatography. 
Further analyses are necessary to solve the question. 

The Genes and proteins involved in the formation 
of euryarchaeal heterodimeric DNA polymerase. A 

cosmid library containing P. furiosus genomic DNA inserts 
of size ranging from 35 kb - 50 kb was screened for the 
novel DNA polymerase activity (Pfu Pol II) identified in P. 
furiosus cell extracts. Nine out of five hundred indepen- 
dent clones investigated produced heat-stable DNA 
polymerases. Restriction analysis, using several restric- 
tion enzymes, indicated that four positive clones contained 
the gene for Pol I previously cloned (Uemori et al., 1993), 
while the remaining five clones had an insert from the same 
region of P. furiosus genomic DNA but different from the 
gene for Pol I. Within the 8.5-kb Xbal fragment contain- 
ing the genes producing the protein or proteins responsible 
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Fig. 5. Chromatographic profiles of an anion-exchange column. 
The sonicated -crude extract of P. furiosus cells was separated by 
an anion-exchange chromatography. The DNA polymerase 
activity was measured under standard conditions of [ 3 H]TTP 
incorporation using calf-thymus activated DNA as template- 
primers.. Pol I and Pol II were purified from fraction I and III, 
respectively. 



for the heat stable DNA polymerase activity, there were 
five continuous open reading frames (ORFs) transcribed 
in the same direction (Uemori et al., 1997). Nested dele- 
tion analysis showed that the DNA polymerase activity 
emanated from the second and third genes in the 
operon. The proteins produced by the second and third 
ORFs were named DPI and DP2, respectively (Fig. 6). 
The estimated molecular mass of DPI was 67 kDa, while 
that of DP2 was 139 kDa. The deduced amino-terminal 
amino acid sequence of DP2 from the nucleotide sequence 
was completely matched to the experimentaly determined 
sequence using the purified 130-kDa protein described in 
Imamura et al. (1995). Even though the 130-kDa protein 
showed the DNA polymerase activity in an activity gel 
analysis, which is a very sensitive method for the detec- 
tion of DNA polymerase activity (Imamura et al., 1995), 
neither DPI nor DP2 possesses a distinct DNA polymerase 
activity individually in an usual in vitro incorporation 
assay. The activity evolves only in the presence of both 
proteins (DPI and DP2) in a reaction mixture (Uemori et 
al., 1997). Thus it was realized that Pfu Pol II comprises 
two proteins, a small subunit (DPI) and a large subunit 
(DP2). Pfu Pol II possesses a very strong 3' • »5' exonu- 
clease activity. This proof-reading property is also evoked 
only in the presence of its two components. In addition, 
Pol II has very efficient primer elongation ability as 
described below. 

It is also interesting that the first and fifth ORFs on the 
operon including the pol genes code for archaeal homologs 
of Orcl/CDC6 and Rad51/DMC1 of S. cerevisiae, respec- 
tively as shown in Figure 6 (Uemori et al., 1997). Expect- 
ing from the roles of these homologous proteins in yeast 
cells, the two genes around the genes for Pfu Pol II must 
encode indispensable proteins for DNA replication and 
recombination in P. furiosus cells. 




Fig. 6. Restriction map of the DNA fragment containing the gene for Pfu Pol II. Open reading frames are indicated by the bold arrows 
with the deduced molecular weight. 
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Conservation of Pol II (heterodimeric DNA poly- 
merase) in Eury archaeota. After the discovery of Pol 
II from P. furiosus, the total genome sequence of M. 
jannaschii was published. Even though, for almost a 
year, there was a controversy as to whether this organism 
survives on only one DNA polymerase (family B) as de- 
scribed above, we already knew that it has at least one 
more DNA polymerase. In the M. jannaschii genome, we 
found two ORFs coding for proteins which are homologous 
to Pfu DPI (40% identity) and Pfu DP2 (60% identity), 
respectively. The genes for these two ORF were expressed 
in E. coli, and the proteins were confirmed to possess 
actually DNA polymerase and 3* • *5' exonuclease activi- 
ties (Ishino et al., 1998). Subsequently, homologs of both 
DPI and DP2 were found in the three more euryarchaeal 
complete genome sequences of M. thermoautotrophicum, 
A. fulgidus, and P. horikoshii (Cann et al., 1998). In each 
of these organisms DPI and DP2 are highly conserved 
(Table 2, Fig. 7). In addition, using primers based on 
conserved motifs in DP2, we have demonstrated the pres- 
ence of a homolog of this protein in Methanopyrus kandleri 
(Cann and Ishino, unpublished), which is the most ancient 
of all known hyperthermophilic archaea (Fig. 1). Every 
strain which has, so far, been shown to contain DPI and 
DP2 belongs to Euryarchaeota. There is no evidence sug- 
gesting the presence or absence of DPI and DP2 homologs 
in crenarchaeal cells. However, the conservation of the 
genes for DPI and DP2 in euryarchaeotes signifies that 
these proteins play an important role in these organisms. 

The DP2 of P. horikoshii contains an intein com- 
prising 179 amino acids in a highly conserved motif, 
GYAHYFHAAKRRNCDGDED, in DP2 proteins (Fig. 7). 
In many cases genes coding for inteins are located in 
indispensable motifs as described above for DNA poly- 
merases. An intein also occurs in a Walker's motif A that 
is important for NTP binding of replication factor C small 
subunit of P. furiosus (Cann and Ishino, unpublished). 
The function of the motif in which the intein occurs in P. 



horikoshii DP2 is not known, but it is very close to the 
putative catalytic residues of Pol II (Cann et al., 1998). 
Therefore, it may be important for the conformation of the 
active site. Mutagenesis within the motif is likely to yield 
some interesting results. 

The genes coding for DPI and DP2 are arranged in 
tandem in the genus Pyrococcus (P. furiosus, Uemori et 
al., 1997; P. woesei, Cann and Ishino, unpublished; P. 
horikoshii, Kawarabashi et al., 1998). However, in other 
genera the genes occur at different regions of the genome 
as described earlier (Ishino et al., 1998). The difference 
of these gene organization between forming an operon and 
locating at separated places may affect the production 
level of Pol II in the cells. 

Biochemistry of euryarchaeal heterodimeric DNA 
polymerase. The biochemical characteristics of M. 
jannaschii Pol II produced in E. coli have been compared 
with those of Pfu Pol II (Ishino et al, 1998). Both Mja 
DPI and DP2 reacted to a polyclonal antibody against 
Pfu Pol II. Similar to Pfu Pol II, Mja Pol II possesses 
an extremely active 3' • »5' exonuclease activity. The 
DNA polymerase activity of each Pol II is sensitive to 
N-ethylmaleimide (NEM), but resistant to aphidicolin. 
Both Pol lis are more sensitive to ddTTP and salt (KC1) 
than Pfu Pol I. These responses by the euryarchaeal 
heterodimeric DNA polymerase to the above reagents are 
different from that of other known DNA polymerases 
(Romberg and Baker, 1992). 

The subunits of Pfu Pol II can complement Mja Pol II 
subunits to yield DNA polymerase activity and vice versa, 
though an incompatibility to a certain extent between Pfu 
DPI and Mja DP2 was observed (Fig. 8). Pfu Pol II is 
more heat stable than Mja Pol II. Incubations at 94°C 
for 20 min did not affect DNA polymerase activity of Pfu 
Pol II. Indeed, activity rather seemed to improve with 
longer periods of pre-incubation at this temperature. 
Significant loss of activity occurred in Mja Pol II at incu- 



Table 2. Identities of DPI and DP2 amino acid sequences among four archaeal strains 









identity (%) 


DPI 


P. furiousus 


A fulgidus 


Af. jannaschii M. thermoautotrophicum 


P. furiousus 

A fulgidus 

M. jannaschii 

M. thermoautotrophicum 


38.4 (48.8) 
32.9 (46.1) 
36.9 (49.0) 


41.4 (53.3) 
42.6 (51.4) 


35.8 (46.9) — 


DP2 


P. furiosus 

A fulgidus 

M. jannaschii 

M. thermoautotrophicum 


52.6 
54.3 
53.4 


52.7 
50.2 


53.1 — 



The values in brackets are from the comparison of the carboxyl-terminus beginning from the 
conserved sequences SD • H • GS. 
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P£u MS LP KSXEEYF EMLQUEIDKAVSIAK XARSQGKDPSTDVEX PQ A? DMAGRVES LVG PPGVAQUIRELL » KE 70 

Mja MIVMVHVA C£i BMMKKVF P.NIVDEVXKIYRXAE SCftKKGFDPTDEVKI PLAADMADRVEGLVG PXGVABRXRELV • KE 76 

Mth MMDYF t3ELBRBTE«LVEIAR KARARGLDVSTTPEI PLAKDLAERVEGLVC PEGXARRXXSLE-CD 64 

A£u MDATLDRFFPLFSSE SNBDPWRIEK1RRYH KS LMV8LDR I VR X AS AAUXXGLOPELSVKX PXAKMMABRVBKLMN LQGLAXRXMELBBGG 90 

PfU YDXEXVALXXVDBXX EGKFGDFGS- . KKKY ' AEQAVRTALAXLTEG X VSAPLEGXADVK2X RNTWADNSBYLALY Y AGPXRSSCGTAOAI*$ 158 

Mja LOKEPAAI.EXAKEIV EGKFGMKO* » • KEKK A E Q A VRTAL A V LT EG XVAAPLEGIADVKIX KK- • POGTSYUUYY AGPI8SAGGTAQALS 161 

Mth RGREEVAFQIAAKIA SQAVPDDDPEEREXL ADQALRTALAILTEC VVAAPLEGIARVRIX EE*. -FDXSRYLAVYF AGPIRSACGTAAALS 152 

Afu LSRBLXCPKVADEXV BCKFGEMP- • - KEEA I DKA VRTAV AX MTEG WAAPXSGIARVRTD RE- FLRVYY AG P T R5» AGGT AQV I S 171 

Pfu VLVGDYVRRKLGLDR FKPSOKK XBRMVREV DLYHRAVSRI.QYHPS POEVRLAHRNI PIHI TGBATDDVBVS • HRD VEGVBTNQLRGGA I L 247 

Mja VLVGDFVRXAMGLDR YKPTEDBJBRYVEEV ELYOSEVGSFQYNPT ADBIRTAIRNf PXEX TGEATODVgVSGHRO LPRVgTNQLRGCALL 251 

Mth VLIADYXRLAVGLOR YKPVEREIERYVEEV ELYESSVTNkQYSPX POEVRUAASKIPVBV TGEPTDXVEVS • HRD LERVETWNXRCGAl.L 241 

Afu VLVADYVRRKAEXGR YVPFESEXLRYCBEI PLYK- KVANLQYLPS DBSXRLIVSMCPICI DGEPTESABVSCYRtf LPRVETNRVRGGMAL 260 

PfU VLAKGVLQ KAKKLV K YXDXMGXDGWEWLXE FVBAKEXGEEIEKSE SKABBSKVBTRVHV8 XGFYYXLYEKFRASI APSBKYAXEIXGGRP >37 

Mja VLVEGVLLXAPXXLR HVDXLGX EGWDWLKD LMSKKBEKE- • BEKO EKVDDEEIDE- - BEE EI5GYWR- -DVXIHA N- - KKFISEVIAGRP 333 

Mth AMVEGVIQXAPXVLX YAXQLKLEGWDWLBK FSKAPKKGB GBS« KVVVKA D* - SKYVEDXXGGRP 302 

Afu VXAEGIALXAPXLXK . MVDSVGXEGWEWLDA LXXGCGDSG SEE E - - - KAVXKP X- • OKYLSOXVAGRP 322 

Pfu LFAGPSENGGFRLRY GRSRVSGFATWSINP AT MVtiVDEFLAXGTQ MKTES PG KGAVVTPA TTA8GPIVKLXDGSV VRVDDYNLALXIRDE 427 

Mja VFAHPSKVGGFRX.RY CRSRN'fGPATQGFHP ALMYt VD E FMA VGTQ LXTERPGKATCVVPV DSIBPPXVKLKNGDV IRVDTIBXAMDVRNR 423 

Mth VLAYPSEKGAFRLRY GRARNTCLAAMGVHP ATMELL-QFLAVGTO MKIERPGKGNCWPV DTIDGPWXI.RNGDV XRXEDAETA5RVRSE 391 

Afu VLSHPSRKGGFRLRY GRARNSGFATVGVJtf P ATMYLL* BPVAVGTQ L K V B R PC XAGG V V P V STI BG PTVRLKNGDV VKXNTLSEAKALKGE 4X1 

PfU VBBXLYLGDAIIAFG DFVBKNQTLLPAN YV EBWWXQEFVKAVNEA YBVELR - PFEEMPRE SVEEAAEYLEVDPEF LAXMLYDPLRVKPPV 516 

Mja VBEXLFLGDVLVNYG fiFLENNHPLLPSCWC EEWYBXXLIANN XEYOXDFXKHP KP- • 478 

Mth V E E X L P tGDMt V A FG EFLRNNHVLMPAGWC EEWWXQTICSSPKYP GDDPLNLSYYRTRWN ELEVSA 457 

Afu VAAXLDLGBILXNYG 0 F L EKN H PL X PAS YT YBWWXQBABKAG LRGDYRKISE EE* * 465 

PfU BLAXHFSEXLEXPLH PYYTLYWNT VfJPXD - - VERLWGVLXDKATI EWGTFRGXXPAXXIE XSLDOLGSLXRTLBL LGLPHTVKEG- • I W 602 

Mja EEAVKFALETKTPLK PRPTYHWHDVSXEDX X t>L RN WLLKGKSDSL EG KKVWIVO LEXEEDXXAXRILEL X GCCH L VRNXXV t X E 562 

Mth GOAFRISBEYDVPLH PRYTYFYHDVTVREL NMLREWLNT- - -SQL ED ELV LELRPE- - - KRILEX LGVPHR VXDS » • RVV 529 

Afu - • ALKLCDEFHVPLH PDYTYLWHOXSVEDY RYLRNFVSON* -GXI EC KHOKSV LLLPYDSRVXEILBA UiLBHXVRBSFIVXE 544 

PfU VDYPWSAALLTPLGN LEWEFXAXPF YT VI D I I NENNQI KL RDRGISWIGARMCRP EKAKERKMKPPVQVL FPIGLAGGSSRDXXX 687 

Mja EYYPLLYSLGFDVEN KKDLVENXEKILESA KNSMHI»XNLLAPFEV RRNTYVYVGARMGRP 8KAAPRKMXPPVNGL FPXGNfAGGQVRLXNK 652 

Mth IGHDDAHALXKTLRK PLEDS SDTVEALURVSPVRX MKKAPTYXGTRVGRP EKTKSRKMRPAPHVL FPICKYGCSRRNXPD 609 

Afu TWRAFIRCLGLOEXL S KVSBVSG KDVLEIVNGXSGXKV RPKALSRXGARMGRP EKAKSRKMSPPPHIL FPVGMAGGMTRDXKN 627 

PfU AAEBGK XA EVEXAFFKCPKCGHV GPBTLCPECGIRKEL XWTCPKCGAEYTNSQ AECYSYSCPKCMVKL KPFTXRKXKPSELLN 770 

Mja AVBBNN TD DVDVSYTRCPNCGKI S L YRVCPFCGTK VBL DMFGRI KAPLKDYWY 705 

Mth AAKKG SI TVHIGRATCPSCRVS S M QSICPSCGSR TVX GEPGKRNXNLAALLK 661 

Afu AINYTKSYKAKKGEX EVEI AXRKCPQCGKE TFWLKCDVCGELTKQ LYYGPSCRMKN* -TS S VCESCGRBC EGYMKRKVDLREI.YB 710 

PfU RAMENVKV YG • VDKL KG VMGMTS G W K I A E P LEKGLLRAKNEVYVF KDGT I R F DAT DA PIT HFRPRE IGVS VEKLR ELGYTHDPEGXPLVS 859 

Mja AALKRLGINK- PGDV KC X KGMTS KQ K X V S P LEKAl LRAINBVYVF K DGTT R F DCTDV PVT HFKPNEINVTVEKLR ELGYDKDIYGNELVD 794 

MCh RAAENVSVRK-LDEI KGVEGMISAEKFPEP LKKGILRAKKDVYTF KDATIRHDSTDLPLT HFTPRBVGVSVKRLR ELGYTRDCYGDELED 750 

Afu EAIANLGBYDSFOTI KGVKGMTSKTKIPER LEKGILRVKHGVFVF KDGTARFDATDLPIT HF KPAEXGVS VEKLR ELGYERDYKGAELKN 800 

• motif A 

PfU EDQXVELKPQDVILS KEAGKYLLRVARFVD DLLEKFYCLPRPYNA EKMEDLXGHLVIGLA PHTSAGIVGRXXGFV DALVGYAJl P Y FH AAK 949 

Mja GBQVVELKPODVXXP ESCABYFVKVANFXD DLLBKFYKVERFYNV KKKEDLXGH LVIGMA PHTSAGMVGRIXGYT KANVCYA1IPYFHAAK 884 

Mth EDQILELRVQDWIS E DC AD Y LVR V AN F V D DLLERFYDLERFYNV KTRSDLVGHLXAGLA PH'PSAAVLGRI XGFT GASACYAHPYFHSAK 840 

AfU ENQI VELRPQDVI LP KSGAEY LLR VANFI D PL LVKF YKMB PFYNA KSVEDLXGHLVXGLA PHTSAGVLGRI XGFS D V t AG Y AH P Y F H A A K 890 

* motif C • "™ 



Pfu 
Mja 
Mth 

AfU 



PCu 
Mja 
Mth 

AfU 
PfU 

Mja 
Mch 
AfU 

Pfu 
Mja 
Mth 
AfU 



RRNCDGOEDSVMLLL DALLNFSRYYLPBXR GGXMDAPLVXTTRLD PREVDSEVHKMDWR YYPLEFYKATYELKS PKELVRVIEGVEDRL 
RRKCDGDEDSFFLLL DAFLNFSKKPLPDKR GGQMDAPLVLTTXLD P K E V DG S VH NMDTMW SYPLBFYSXTLBMPS PKEVKEFMETVEDRL 
RRiCCDSOEDSVMLLL OALLNFSKSYLPSSR GGSMDAPLVLSTRI D PES I DDES HN I DTMD MIPLBVYBRSFDH PR PSEVLDVXOMVBKRL 
RRNCDGDEDCPMLLL DGLLNFSRKFLPDKR GGQMDAPLVLTAI VO PUEVOXEVl^iMDIVE R Y P L E F Y E ATMRFAS PKEMEDYVEKVXDRL 

CXPEMYYGXKFTHOT DDXALGPKMSLYXQL GDMBBXVXROLTLAB R I RAVDQH Y V ABTI L WSHLXPDLRGNLRSF TRQBFRCVXCNTKYR 
GXPSQYEGIGYTHET SRTDLGPKVCAYKTL GSML BKTTSQ LS VAX XX RATDER D VAEKV I QSHFXPDLIGNLRAF SRQAVRC - KCGAKYR 
GXPEQYTGLMFSHNT SRXDEGPXVCLYXLL PTMXBXVESQITLAK XIRAVDQRS VVEGVL MSHFLPDMMGHXRAF SRQRVRCTXC'NRKYR 
K08SRPCGLFFTHDT BNIAAGVKESAYKSL KTMQDKVYRQMBLAR MXVAVOEHOVAERVX NVHFLPDXIGNLRAF SROBFRCTRCNTKYR 

RPPLDGKCPVCGGKX VLTVSXGAIEKYLGT AKML VAM YNVKP YTR QRICLTKXDXOSLFE YLFPBAQLTLXVDPN DICMXMIXERTGETV 

RIPLKGKCPXCGSNL XLTVSXGAVSXYMDV ASKJ4AEEYNVNDYIX GRl-KXIXEGINSXFE - -NEXSRQVXLSDFF XXG 

RX PLSGBC • RCGGNL VLTVSKGSVIKYLEI SXELASRYPXDPYLM QRISILEYGVNSLFE - -SDRSKQ5SLDVFL 

RIPLVGKCLXCGNXL TLTVHSSSXMXYLEL SXFLCENFKVSSYTX QRLMLLSQSXXSMFE - »NGTEXQVSISDFV 



QGGLLENFNSSCNNC XXIEXKEKXAXBKPX XKKVISLDDFFSXR 



1263 
1139 
1092 
1143 



1039 
974 
930 
980 



1129 
1063 
1020 
1070 

1219 
1139 
1092 
1143 



Fig. 7 . Amino acid sequence alignment of euryarchaeal DP2 proteins. The DP2s shown are from P. furiosus (Pfu), M. jannaschii (Mja), 
M. thermoautotrophicum (Mth), and A. fulgidus (Afu). Identical and similar amino acid residues are indicated by red and green letters, 
respectively. The motif A and C were underlined and the asterisks indicate invariant residues probably essential for the catalysis. The 
intein-insertion site within the DP2 from P. horikoshii (the whole sequence is not included in this alignment) is indicated by an arrow. 



bations above 65°C. When Mja DPI was complemented From the study of purified Pol I and Pol II of P. furiosus, 

with Pfu DP2, temperature stability was significantly several distinct differences in the chracteristics were 
improved (Ishino et al., unpublished). found (Uemori et al., 1997). Pol II prefers the single- 
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Fig. 8. Inter-subunit complementation of euryarchaeal Pol II. Relative activities of chimeric Pol lis {Pfu DPI + Mja DP2 and Mja DPI + 
Pfu DP2) in comparison to the homotaric Pol lis are shown. The DNA polymerase activity was measured by [ 3 H]TTP incorporation 
assay at 70°C for 10 min under standard conditions using calf-thymus activated DNA as template-primers. 



Table 3. Comparison of DNA polymerase activities on various template-primers 

Relative Activity 



DPI DP2 DP1 + DP2 Pfu Poll Tag 



Calf thymus activated DNA 0.021 0.19 


100 


100 


100 


Heat-denatured calf thymus 


340 


87 


130 


activated DNA 


M13 ssDNA-45 mer primer 


170 


23 


90 


M13 ssDNA-18 mer (RNA) primer 


52 


0.49 


38 


PolydA-OligodT(20: 1) 


94 


390 


290 


PolyA-OligodT (20 : 1) 


0.085 




0.063 



primed template DNA rather than gapped double- 
stranded DNA such as DNase I-activated DNA. This is 
in contrast to Pfu Pol I. Moreover, Pol II can utilize RNA 
primers, whereas Pol I can not (Table 3). The specific 
activity of Pol II using an activated calf thymus DNA as a 
template was 191.3 units/nmol while that of Pol I was 88.3 
units/nmol. The strong primer elongation ability of Pol 
II supports the idea that this enzyme is a replicase of the 
eury ar chaeotes . 

Comparison of euryarchaeal heterodimeric DNA 
polymerase with known DNA polymerases. By 

amino acid sequence comparison of DPls from four 
euryarchaeal Pol I, we showed that this protein is a 
homolog of the small subunit of eukaryal DNA polymerase 
8 (Cann et al., 1998). This finding further substantiates 
the eukaryal-archaeal relationship. The amino acid 
sequence alignment between eukaryal and euryarchaeal 



homologs indicated several conserved motifs which may 
play a role in the function of this protein. Amino acid 
sequence conservation is most distinct at the carboxyl- 
terminal region of the alignment, while diversity is 
observed at the amino-terminal region. There are 
conserved motifs in the central region of the alignment 
which are unique to the euryarchaeal homologs. These 
motifs may be important for the interactions either 
between DPI and DP2 or between DPI and other acces- 
sory proteins. Our deletion analyses showed that the 
carboxyl-terminal two-third of the DPI protein is espe- 
cially important for its interaction with DP2 to yield DNA 
polymerase activity of Pol II (Hayashi et al., unpublished). 
The proteins from P. furiosus, P. horikoshii and M. 
jannaschii are significantly larger than other euryarchaeal 
(M. thermoautotrophicum and A. fulgidus) and eukaryal 
homologs (Cann et al., 1998). 
It is of interest to note that the large subunit of eukaryal 
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DNA polymerase 5 also belongs to family B as well as the 
archaeal single subunit DNA polymerases, however, Pfu 
DPI does not interact with Pfu Pol I (Cann et al., 1998). 
This indicates that euryarchaeal DP Is and DP2s are 
specific partners in the formation of a DNA polymerase. 
The formation of a complex between DPI and DP2 in the 
P. furiosus cells have been demonstrated by immunologi- 
cal methods (Cann et al., 1998). 

Computer-assisted homology analyses using the World 
Wide Web (http://www.ncbi.nlm.nih.gov/) retrieval system 
(National Library of Medicine) and the BLAST algorithm 
(Altschul et ah, 1990) to scan GenBank and other non- 
redundant databases, did not yield any protein of mean- 
ingful homology to the DP2 protein. Conservation of the 
protein in euryarchaeotes, however, is very high (Table 2). 
There is more than 50% amino acid conservation among 
known DP2s. The crystal structures determined for 
nucleotide polymerases show that these proteins share a 
common folding pattern that resembles a right hand com- 
posed of the fingers, thumb, and palm subdomains 
(Hansen et al., 1997; Kiefer et al., 1997; Kim et al., 1995; 
Kohlstaedt et al., 1992; Ollis et al., 1985; Sousa et al., 
1993). Within the palm subdomain are two motifs (motif 
A and C) containing two invariant carboxylates, which are 
thought to constitute part of the polymerase active 
site. The amino acid sequences weakly resembling motif 
A and C were found in DP2s but not in DPls by visual 
inspection of four euryarchaeal DP2s (Fig. 7). Therefore, 
the DP2s have been proposed as the catalytic subunit of 
the euryarchaeal heterodimeric DNA polymerase, despite 
showing insignificant DNA polymerase activity in vitro by 
itself as described above. 

In the middle and carboxyl-terminal regions of DP2s, 
zinc-finger motifs which are likely to be involved in inter- 
actions with other proteins, in addition to DNA binding, 
are conserved. Proliferating cell nuclear antigen (PCNA) 
is a highly conserved eukaryotic protein that is essential 
for DNA replication and repair (Johnson and Hubscher, 
1997; Kelman, 1997). An euryarchaeal homolog of this 
protein occurs in all completely sequenced euryarchaeal 
genomes. At the caxboxyl-terminal region of all known 
DP2s are two conserved motifs similar to the so-called PIP 
(PCNA interacting protein)-box (Warbick, 1998). Similar 
conserved amino acid sequences also occur in the large 
subunit of euryarchaeal replication factor C (RFC) 
homologs (data not shown). It is our hypothesis that 
euryarchaeal DP2s interact with PCNA homologs found 
in euryarchaeota. Experiments investigating these inter- 
actions are now underway in our laboratory. It is also 
interesting to investigate the phylogenetic relationship 
between the two DNA polymerases (heterodimeric and 
family B) found in Archaea. 



CONCLUDING REMARKS 

Archaea is now paid a lot of attention in molecular 
biology because their genetic information processing 
apparatus looks more like that of eukaryotic organisms, 
even though they look like bacteria. Despite this clue, the 
basic molecular mechanism of DNA replication in these 
organisms is not yet understood. Undoubtedly, a full 
understanding of DNA replication in Archaea requires 
the identification of all the proteins involved. The 
discovery of the novel DNA polymerase family, which are 
probably involved in the DNA replication machinery, will 
greatly contribute to the understanding of the mechanism, 
in addition to that it serves as a further confirmation of 
the archaeal organisms to be truly different from those in 
Bacteria and Eukarya. 

Currently archaeal homologs involved in the eukaryal 
DNA replication, such as minichromosome maintenance 
(Mem) proteins, replication protein A (RPA), RFC, PCNA, 
5' • # 3' exo/endonuclease (FEN1), and DNA helicase are 
studied at several laboratories in the world. Orcl/CDC6- 
like protein will help to identify the replicational origin in 
the genome very soon. The existence of the proteins 
similar to the essential factors for eukaryal DNA replica- 
tion in Archaeal cells let us expect that the archaeal 
mechanism will contribute as the prototype to the under- 
standing of the mechanism in eukaryal DNA replication 
that became very much complicated by evolution. We 
now recognize the archaeal organisms as one of the most 
exciting and useful experimental materials for the basic 
molecular biology. 

Most of our studies on DNA polymerases from P. furiosus cited 
in this article were carried out in Biotechnology Research Labora- 
tories, Takara Shuzo in collaboration with I. Kato, T. Uemori, and 
other members. 
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